A total of 342 strains belonging to the genus Bacillus were examined for cytochrome oxidase activity by using a quantitative colorimetric N,N,N' ,N'-tetramethyl-p-phenylenediamine (TMPD) oxidase assay. The following three oxidase reaction groups were identified: (i) a highly oxidase-positive group, whose members oxidized TMPD with specific activities of more than 0.400 pmol/h per mg (dry weight); (ii) an oxidase-negative group, whose members were incapable of oxidizing TMPD (like Escherichiu coli); and (iii) an intermediate group of strains designated the oxidase-indeterminate group, whose members oxidized TMPD at rates just slightly higher than the autooxidation rate. Of 293 mesophilic Bacillus strains analyzed 23 % were oxidase positive, 47% were oxidase indeterminate, and 30% were oxidase negative. Of 37 thermophilic strains, 68% were highly oxidase positive. All of the psychrophiles tested (13 strains) gave oxidase-indeterminate reactions. Spectral analyses of the membranes of 58 Bacillus strains revealed that there was type c cytochrome(s) in all 39 oxidase-positive and oxidase-indeterminate strains. Cytochrome o was detected in all 58 strains, 27 strains contained cytochromes o and a+a3, and 9 strains contained cytochromes o, a+a3, and d. The remaining 22 strains contained cytochrome o exclusively. Analyses of 19 oxidase-negative strains revealed that 17 lacked type c cytochromes; the exceptions were Bacillus megaterium ATCC 14581T (T = type strain) and Bacillus pantothenticus No. lT. All 19 oxidase-negative strains contained cytochrome o; 11 of these strains also contained cytochromes a+a3, 4 strains contained cytochromes o, a+a3, and d, and another 4 strains possessed cytochrome o exclusively as the sole terminal oxidase. Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Fri, 21 Dec 2018 23:55:32 VOL. 36, 1986 CYTOCHROME OXIDASES OF BACZLLUS SPP. 39 Organism Sourceb Sp act (U) B. alvei B-4300 B. alvei B-387 B. alvei B-397 B. alvei DSM 29= B. alvei ATCC 6344T B. alvei B-4010 B. alvei F B. alvei B-385 B. alvei B-4186 B. alvei B-4185 B. alvei B-382 B. alvei B-4009 B. alvei white colony B. alvei B-386 B. alvei B-384 B. alvei 385 On: Fri, 21 Dec 2018 23:55:32 VOL. 36, 1986 w 0 t U PI Q: CYTOCHROME OXIDASES OF BACILLUS SPP. 43
Artificial electron donors have long been used for measuring cytochrome oxidase activity in bacteria (for a review, see reference 15) . Of the donors used, N , N,N',N'-tetramethylp-phenylenediamine (TMPD) has been found to be the least toxic, yet most sensitive redox dye for monitoring color development. An added advantage of this compound is that TMPD oxidation produces a stable end product (namely, Wurster blue) (3, 15, 26) . Early mitochondria1 oxidase studies in which TMPD oxidation was measured (7) revealed that this dye is a catalytic mediator of electron transfer at the cytochrome c site. From cytochrome c , electrons are transferred to the sole terminal oxidase cytochrome a+a3, which then reduces molecular oxygen (7, 11, 15) . For oxidasepositive Pseudomonas spp., workers have proposed that type c cytochrome(s) is specifically required for TMPD oxidase activity, as it was found that oxidase-negative Pseudomonas strains lack type c cytochromes (25).
Unlike mitochondria, which contain only cytochrome u+a3 as the functional oxidase, bacterial terminal oxidases commonly occur in multiple combinations of cytochromes al, d , 0, and a+a3 (15) . Rarely are single terminal oxidases found in bacteria; most commonly two (or even three) cytochrome oxidases exist concomitantly within a given organism. Quantitative measurements of TMPD oxidase activity, in which both Neisseria and Azotobacter vinelandii cells were used, were made initially by using manometric assay systems (8, 10, 11, 14, 16) . Despite minor differences in cellular permeability for TMPD, the manometric TMPD oxidation data revealed significant taxonomic implications regarding the use of the oxidase test for identification studies (12, 13). However, the major disadvantage was that the manometric assay procedure is laborious and not particularly suited for routine surveys in which large numbers of * Corresponding author. organisms are used. Thus, a colorimetric oxidase procedure was developed recently; this procedure readily allows measurement of TMPD-dependent cytochrome oxidase activity by using bacterial resting cells (9). This assay precisely measures TMPD-dependent cytochrome oxidase activity in bacteria directly grown on agar plates. The technique drastically simplifies quantitative TMPD oxidase analyses in bacteria, and, as shown in this study, it is very useful for identifying the taxonomic positions of similar and different bacterial species.
The genus Bacillus is a well-known heterogeneous group of bacteria. Previous electron transport studies have shown that many Bacillus spp. possess oxidases which commonly occur as a pattern composed of four cytochromes (namely, cytochromes a+a3, 0, 6 , and c). Many Bacillus strains possess all of these cytochrome components while many others possess only two. Several reports have indicated that some Bacillus strains may even have different cytochrome contents depending on the phase of vegetative growth, stage of sporulation, and germination (2, 5, 21, 28) .
In this study we surveyed the cytochrome oxidase activities of 342 Bacillus strains by using a quantitative colorimetric TMPD-dependent cytochrome oxidase assay. Surprisingly, many Bacillus strains exhibited high rates of cytochrome oxidase activity. The majority of the Bacillus strains examined were either moderately active or completely inactive, as expected for oxidase-negative strains. Representative oxidase-positive and oxidase-negative species were selected and examined for cytochrome contents. For such studies membrane fractions obtained from sonically disrupted cells by differential centrifugation were analyzed spectrophotometrically. Spectral analyses were performed by using dithionite reduction and monitoring the carbon monoxide-induced spectral shifts.
(Preliminary reports of the results have been presented 
MATERIALS AND METHODS
The Bacillus strains used and the sources from which they were obtained are indicated below (see Tables 1 through 8) .
The conditions and factors that are known to influence cytochrome oxidase activity (and content) were controlled by using a standard set of growth conditions (i.e., standard pH, temperature, media, incubation time, etc.). Most Bacillus strains examined for oxidase activity were grown on tryptic soy agar (Difco Laboratories, Detroit, Mich.). The fastidious strains ("Bacillus apiarius," Bacillus macquariensis, Bacillus pasteurii, "Bacillus fastidiosus," "Bacillus laevolacticus ," "Bacillus racemilacticus ," and Bacillus alcalophilus) were grown on the specific medium recommended by the American Type Culture Collection Catalog of Strains (1). Bacillus azotofixans strains were grown on GB agar (23, 24) . All of the mesophilic strains were grown at 32°C; the psychrophilic strains were grown at 23"C, and all of the thermophiles analyzed were grown at 55°C. The bacterial cells were harvested from agar plates after 20 h of growth, standardized turbidimetrically , and immediately tested for TMPD oxidase activity.
TMPD was obtained from Eastman Kodak Co., Rochester, N.Y. All other chemicals were obtained from commercial sources as described previously (9, 11, 18) .
The standard quantitative colorimetric TMPD oxidase assay was used to analyze all Bacillus strains. The details of this assay were recently described (9) after thorough study The conditions necessary for using TMPD as an electron donor for oxidase assays and the parameters which influence bacterial TMPD oxidase reactions have been described previously (8-10, [12] [13] [14] [15] 17) . All oxidase-positive bacteria (including the Bacillus strains examined in this study) exhibited specific activities greater than 0.400 U (1 U of activity was defined as 1.000 kmol of TMPD oxidized per h per mg [dry weight]) (9). Organisms with specific activities ranging from 0.001 to 0.399 U were grouped as the oxidase-indeterminate strains. This range of TMPD oxidation values is comparable to the range of TMPD autooxidation rates. Organisms with specific activities of 0.000 U were designated oxidase negative; such strains were incapable of oxidizing TMPD like Escherichia coli (9). A more recent description of the TMPD oxidase assay for use with bacterial membrane fractions was published by Wong and Jurtshuk (30) .
Spectral absorbance analyses were used to identify the cytochrome components in selected Bacillus strains. For such analyses, a sonic type of electron transport particle was obtained by differential centrifugation from sonically disrupted resting cells (8, 11, [16] [17] [18] , Carbon mon-0xide:dithionite-reduced difference spectra were used to identify the cytochrome oxidases found in isolated membrane fractions (16, 17, 19, 30) .
RESULTS AND DISCUSSION
Oxidase-positive BaciZZus strains. Among the more interesting Bacillus strains analyzed were the Bacillus alvei strains. All of the B. alvei strains were highly oxidase positive. Table  1 shows the TMPD oxidase specific activities of 16 B. alvei strains. Two other cultures originally received as B. alvei strains exhibited very low TMPD oxidation values. An examination of these two cultures revealed that both were misidentified; one was a Bacillus licheniformis strain, and the other was a Bacillus megaterium strain (R. E. Gordon, personal communication). Thus, the simple quantitative colorimetric assay was very useful for pinpointing those B. alvei strains that gave atypical TMPD oxidase reaction patterns.
Bacillus macerans strains also exhibited high and consistently positive oxidase values ( Table 2 ). All nine strains tested were in the oxidase-positive range. Two misidentified B. maceruns strains were also encountered, both of which exhibited uncharacteristically low TMPD oxidation activities. Further examination revealed that one was a Bacillus circulans strain (L. Seldin, personal communication) and the other was a B . licheniformis strain (Gordon, personal communication).
Cytochrome oxidase analyses of 10 Bacillus laterosporus strains showed that 8 of these strains were oxidase positive ( Table 3) . Two strains (strains NRS-1643 and SHSU) had TMPD oxidase-indeterminate reaction rates. Strain NRS-1643 exhibited a specific activity of 0.387 U, which approached the lower limit of the specific activity range (0.400 U) found in oxidase-positive organisms. The other strain (strain SHSU) had a significantly lower oxidase specific activity (0.027 U). Both B . laterosporus cultures were found to be authentic strains by a subsequent microbiological examination. Our survey indicated that 80% of the B . laterosporus strains examined were oxidase positive.
The results of cytochrome oxidase activity analyses of 27 Table 4 . The TMPD oxidase activity patterns showed that strains of this group occurred in all three oxidase reaction categories (i.e., oxidase positive , oxidase indeterminate, and oxidase negative).
B . circulans strains are shown in
Ten strains were oxidase positive, since they had specific activities greater than 0.400 U. Two strains (strains NRS-398 and B-0986) were categorized as oxidase indeterminate, while 15 strains were found to be oxidase negative ( Table 4) . It is well known that the strains of B . circulans are referred to as a complex (for example, see reference 22). This diversity is reflected in the cytochrome oxidase activity patterns shown in Table 4 .
Since it has been postulated that a type c cytochrome(s), integrated with terminal cytochrome o oxidase or cytochrome a+a3 oxidase or both, is required for TMPD oxidase activity (9, 14, 15), seven B . circulans strains were selected for further cytochrome analyses. Membrane fractions from three oxidase-positive strains (strains no. 2, no. 4, and no. 7 from the Pasteur Institute) were examined and found to have the same cytochrome content (i,e., cytochromes c and 0). Figure 1 (b) Dithionite-reduced-minus-dithionite-oxidized spectrum (dash line) of the same preparation. The alpha peak at 556 nm represents the absorbance attributed to cytochrome 0. No peak, or shoulder was found at 550 nm, which indicates the absence of a type c cytochrome. This was a common observation that was made for almost all of the oxidase-negative Bacillus strains examined. The protein concentration in the membrane preparation was 1.94 mg/ml. spectra of membranes isolated from B . circulans strain No. 7. The C0:dithionite-reduced-minus-dithionite-reduced spectrum (Fig. la) shows that the major CO-reacting component was cytochrome 0, as indicated by the Soret peak at 412 nm and the prominent trough at 430 nm. The minor bleaching trough at 557 nm is also a common characteristic of cytochrome 0. Other carbon monoxide-reacting components were the alpha and beta peaks at 540 and 573 nm, respectively .
The absorbance spectrum for type c cytochrome is indicated in Fig. l b by the shoulder and peak at 550 nm. The presence of a type b cytochrome or cytochrome o is indicated by the small peak at 556 nm. The dashed line in Fig. l b shows a dithionite-reduced-minus-dithionite-oxidized spectrum, while the dotted line shows the spectrum obtained after addition of carbon monoxide to the dithionite-reduced preparation. The dotted line shows the extent to which the type o cytochrome reacted with CO in this fraction. The broad peak of the type c cytochrome at 550 nm is shown more clearly by the dotted line spectrum in Fig. lb . In this spectrum, the absorbance at 556 nm attributed to cytochrome o was "bleached out" after the reaction with carbon monoxide, making the cytochrome c peak (at 550 nm) more visible. The isolated membrane fractions of B . circufans strains no. 2 and no. 4 exhibited similar spectral characteristics; both type c and type o cytochromes were readily detected in these two oxidase-positive strains.
Isolated membrane fractions from B . circulans strain NRS-398 were similarly examined. This strain oxidized TMPD with a specific activity of 0.387 U and thus was characterized as oxidase indeterminate, although this value closely approached the lower limit of the oxidase-positive range (0.400 U). Spectral analyses of the membranes of strain NRS-398 showed the presence of cytochrome c and two terminal oxidases, cytochromes o and d. Cytochrome a+a3 was not detected. We attributed no significance to the presence of cytochrome d and the absence of cytochrome a +a3 in this oxidase-indeterminate strain.
Similar absorbance analyses were performed with membrane fractions isolated from three oxidase-negative B . circulans strains (strains ATCC 4513T [T = type strain], no. lT, and NCTC 2610T). These analyses revealed that cytochrome c was absent in all three strains, but cytochrome o was readily detected in all three strains. A difference spectrum for membranes isolated from B . circulans strain NCTC 2610 is shown in Fig. 2 . Note the characteristic Soret absorption peak (411 nm) and troughs (429 and 557 nm) for cytochrome o in the C0:dithionite-reduced-minus-dithionite-reduced spectrum (Fig. 2a ). The dithionite-reducedminus-dithionite-oxidized difference spectrum in Fig. 2b has no 550-nm absorbance peak, which indicates the absence of cytochrome c in membranes isolated from strain NCTC 2610T. This is in sharp contrast to the spectrum described above (Fig. lb) ; the equivalent spectral analyses done with strain no. 7 showed the distinct presence of a type c cytochrome peak at 550 nm. The degree of diversity described above for the cytochrome content and TMPD oxidase activity of B . circulans strains was also apparent for 17 B . megateriurn strains (Table 5 ). However, unlike B . circulans, only two B . megaterium strains (strains NRS-608 and NRS-829) were oxidase positive. Nine strains were oxidase indeterminate, and six strains gave typical oxidase-negative reactions. alvei, B . macerans, B . laterosporus, and B . circulans strains, many of which exhibited specific activities of more than 1.000 U, the oxidase-positive strains of B . megaterium had specific activities which just approached 0.500 U. Still, two oxidase-positive B. megaterium strains were detected (strains NRS-608 and NRS-829). A similar observation was described by Downs and Jones (4), who also spectrally analyzed the respiratory membrane fractions of two distinct B . megaterium strains. Oxidase-positive strain M possessed cytochromes c , 0, and a + a 3 , while oxidase-negative strain I3440 lacked a type c cytochrome(s). This observation is undoubtedly reflected in the data shown in Table 5 , which also shows the diversity in TMPD oxidase specific activity found for all 17 B . megaterium strains tested. ' were found to be oxidase positive.
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The other oxidase-positive Bacillus strains encountered in our survey are shown in Table 6 . These strains were members of the following species: "Bacillus apiarius" (1 strain tested), Bacillus brevis (4 of 6 strains), "Bacillus caldolyticus" (1 strain), "Bacillus caldotenax" (2 of 2 strains), "Bacillus caldovelox" (1 strain), Bacillus Jirmus (6 of 19 strains), "Bacillus flavotherrnus" (1 strain), Bacillus lentus (3 of 5 strains), B . macquariensis (1 strain), "Bacillus psychrophilus" (1 of 4 strains), Bacillus sphaericus (7 of 22 strains), Bacillus stearothermophilus (7 of 15 strains), and "Bacillus thiaminolyticus" (1 strain). (The "Bacillus therrnodenitrificans" strain tested was considered a strain of B . stearothermophilus.) The specific activities shown in Table 6 include values for both mesophilic and thermophilic Bacillus strains, which were grown at 32 and 55"C, respectively.
It appears that there is a greater percentage of oxidasepositive strains among the thermophiles than among the mesophiles. In one study by Wolf and Sharp (29), 8 of 12 thermophilic Bacillus strains tested by a qualitative paper strip paper test were found to be oxidase positive. In our quantitative oxidase survey, we found that 6 of 14 B. stearothermophilus strains were oxidase positive ( Table 6) , and of 16 other unidentified thermophilic Bacillus strains tested, 14 were also found to be oxidase positive ( Table 7) . The percentage of B . stearothermophilus strains that are oxidase positive in Table 6 would be even greater if we considered the strains of " B . caldolyticus", " B . caldotenax", "B. caldovelox" and " B . thermodenitrijicans" tested to be strains of B . stearothermophilus.
Oxidase-negative Bacillus strains. Oxidase analyses of 35 Bacillus polymyxa strains revealed that they all were oxidase negative. The following strains were tested: strains B-68, B-68 , B-69, and 5A) revealed that they all lacked type c cytochromes and that they all possessed identical terminal oxidases (namely, cytochromes a+a3 and 0). One unusual observation was that, unlike most oxidase-positive and oxidase-indeterminate strains which we analyzed, the concentrations of cytochrome a+a3 in the membranes of these six B . polymyxa strains were substantially greater than the concentrations of cytochrome 0. Figure 3 shows a representative difference spectrum of the membrane fraction isolated from the B . polymyxa strain DSM 36T. As shown in Fig. 3a , two CO-reacting components were present (predominantly cytochrome a+a3 and trace amounts of cytochrome 0). The prominent Soret peak at 428 nm with the trough at 440 nm (Fig. 3a) represents cytochrome a+a3, and the small Soret peak at 417 nm with a minor trough at 425 nm represents cytochrome 0. In the alpha region ( Fig. 3a) two less promi-nent CO-reacting peaks were observed at 576 and 541 nm. The prominent trough at 558 nm is the characteristic absorbance that is commonly associated with cytochrome o (Fig.  l a and 2a ). The membranes of B . polymyxa strain DSM 36T exhibited no 550-nm peak after dithionite reduction (Fig. 3b) , which indicated the absence of a type c cytochrome. The presence of cytochromes aSa3 and o in Fig. 3b is indicated by the dithionite-reduced alpha peaks at 602 and 556 nm, respectively. Six strains of the recently described species B . azotofixans (24) were also tested for oxidase activity. All six strains were oxidase negative; their reactions were identical to the reactions described above for the 30 B . polymyxa strains tested. The B . azotojixans strains tested were type strain P3L-5 and strains BE-4, F-100,1-9, TE-10, and Hino. Spectral analyses of the membranes of strain P3L-5T showed the presence of cytochrome a+a3 and a type o cytochrome; no type c cytochromes were detected. Unlike the observations described above for B . polymyxa membranes, cytochrome o was the predominant oxidase in isolated membranes of the B . azotofixans type strain.
Bacillus pumilus is another oxidase-negative species. Twelve strains (including the type strain) showed no TMPDoxidizing capability. Oxidase-negative reactions were recorded for the following strains: strains ATCC 7061T, ATCC 14884, B-0100, B-0210, B-0404, and from R. E. Gordon; strains F.8, F.lO, and 48.24 from L. Seldin; No. lT and No. 4 from the Pasteur Institute, Paris, France; and one strain from the University of Houston, Houston, Tex. Five B . pumilus strains (Pasteur Institute strains no. 2, no. 3, no. 4, and no. 5 and L. Seldin strain LMD.68.28) exhibited minimally detectable TMPD oxidation rates; the activities calculated ranged from 0.004 to 0.011 U. These values were sufficiently low to be considered oxidase negative.
Other oxidase-negative organisms encountered were 15 B . circulans strains (Table 4) , six B . megaterium strains ( Table  5 ) , three Bacillus coagulans strains (Northern Regional Research Laboratory strains ATCC 7050T, NRS-139, and B-1167), one B . firmus strain (R. Gordon strain NRS-854), two "Bacillus laevolacticus" strains (strains M-71 and ATCC 23549 from S. Doores, Pennsylvania State University, University Park), two B . licheniformis strains (strain ATCC 10716 from Sam Houston State University, Huntsville, Tex., and R. Gordon strain B-Olll), three Bacillus pantothenticus strains (Pasteur Institute strains no. lT and no. 3 and Northern Regional Research Laboratory strain NRS-1321), one " B . racemilacticus" strain (S. Doores strain ATCC 23496); two B . stearothermophilus strains (strains a and b from the University of Houston, Houston, Tex.), one Bacillus thuringiensis strain (strain HD-395 from H. T. Dulmage, the United States Department of Agriculture), and one unidentified thermophilic Bacillus strain (strain RS-155 from R. Sharp, PHLS Center for Applied Microbiology, Porton, Salisbury, United Kingdom).
Oxidase-indeterminate Bacillus strains. Of the 342 Bacillus strains tested, 159 (48%) were oxidase indeterminate. Such strains exhibited specific activities ranging from 0.001 to 0.399 U for TMPD oxidation under the conditions which we used. Bacillus strains exhibiting specific activities of 0.400 U or greater were designated oxidase positive. For example, all 12 Bacillus subtilis strains exhibited TMPD oxidation rates that were typical of oxidase-indeterminate organisms ( Table  8 ). The specific activities obtained for B . subtilis strains ranged from a low of 0.01 U for strain W23 to a high of 0.144 U for strain A-L-M-. However, unlike the closely related oxidase-indeterminate B . licheniformis and B . pumilus strains, no oxidase-negative B . subtilis strains were encountered. The other oxidase-indeterminate strains which we identified are listed below.
The 14 Bacillus cereus strains examined had specific activities which ranged from 0.12 to 0.34 U. These strains were R . Gordon strains B-0074, B-0083, B-0358 , B-0359, 13-0361, NRS-645, NRS-721, NRS-935, NRS-936, and ATCC 14579T, Sam Houston State University strains UT-603, SHSU, and 7049, and University of Houston strain UH.
Of the 19 B. firmus strains examined, 12 exhibited specific activities which ranged from 0.11 to 0.38 U. These 12 strains were Northern Regional Research Laboratory strains NRS-1561, and ATCC 14575T, Pasteur Institute strains no. IlT and no. 3, L. Seldin strains F.13 and NCTC 10335T, and 13. Gordon strain NRS-1567.
Of the 14 B. licheniformis strains examined, 12 exhibited specific activities which ranged from 0.04 to 0.25 U. These The following TMPD oxidase-indeterminate organisms were also identified: B . alcalophilus Northern Regional Research Laboratory strain ATCC 27647T; Bacillus amyloliquefaciens Northern Regional Research Laboratory strain B-3696; Bacillus anthracis strain UH; Bacillus badius Northern Regional Research Laboratory strain ATCC 14579T and Pasteur Institute strains no. lT and no. (Table 3) ; four B . circulans straids (Table 4) ; and five B . megaterium strains ( Table 5 ).
Nature of the TMPD oxidase reaction. The oxidation of p-phenylenediamine (or its dimethyl derivative [ N , Ndimethyl-p-phenylenediamine] or tetramethyl derivative [TMPD]) by oxygen is a well-known reaction in microbiological studies. Traditionally, these derivative redox compounds have been used as reagents for the bacterial oxidase test (11, 15, 16, 20, 27) . Historically, the oxidase test has been useful for clinical identifications, although prior to 1938 nothing was really known about the enzymes which carried out the catalysis. The realization that the dye oxidation measured cytochrome oxidase activity occurred only after this reaction was found to be rapidly catalyzed by "submitochondrial" particles (7, 11, 15, 16, 20, 27) . Subsequently, very high TMPD oxidation rates were reported for the membrane-associated electron transport fractions which contained active cytochrome oxidases. Such fractions were readily isolated and characterized in A . vinelandii (8, 10, 11, 16) and numerous Neisseria spp. (12) (13) (14) , that is, in microorganisms that, metabolically speaking, were highly oxidative. Of interest is the fact that the high TMPD oxidase rate observed in A . vinelandii whole cells is comparable to the exceptionally high respiratory rate commonly observed for most substrate oxidations that occur in this organism (8, 10, 16). Thus, it was only in the last two decades that any serious attempts were made to quantify the microbiologically important TMPD oxidation reaction for routine bacterial oxidase studies (15) . Subsequently, a quantitative colorimetric TMPD oxidation assay was developed (30) which measured cytochrome oxidase activity directly in bacterial whole cells (9). The purpose of this assay was to replace the subjective qualitative paper strip oxidase test by a new but equally simple test, which allowed quantitative estimation of the 17, 30) . Its use in this study with Bacillus species allowed us to identify specific oxidase-positive strains. Previous reports indicated that Bacillus spp. give variable oxidase reactions when they are tested by using the qualitative Kovacs paper strip oxidase reaction (9, 26). In 1968 (6), it was reported that oxidase-positive Bacillus strains were found among numerous unidentified soil isolates. Before this it was suspected that most Bacillus strains exhibit low, but still detectable, levels of activity in TMPD (or Kovacs) oxidase reactions, and it was questionable whether such low rates of activity could be used for identification purposes. Of interest is the fact that the qualitative Kovacs oxidase test is still used routinely for studies with thermophilic Bacillus strains (29), but there have been no reports on the significance of this test for studies with thermophiles. Rarely is the oxidase reaction used in studies of mesophilic (or psychrophilic) Bacillus strains. Thus, we wanted to examine the oxidase reaction in Bacillus spp. to determine to what extent the reaction occurs in whole cells and how widely oxidase activity is distributed among this group of aerobic sporeformers .
As we show above, the oxidase test can be very useful for characterizing specific Bacillus spp. Our data show that all 16 B. alvei and all 9 B. macerans strains examined were oxidase positive. Of 10 B. laterosporus strains tested, 80% were oxidase positive, and of 37 thermophilic strains tested, 68% were found to be oxidase positive. There were also other Bacillus species that consistently gave oxidasenegative reactions; for example, 35 B. polymyxa strains gave typical oxidase-negative reactions similar to those of E. coli. All six strains of the recently described species B. azotofixans also were oxidase negative. The B. pumilus strains were predominantly oxidase negative. Most other Bacillus species showed highly variable capabilities for carrying out TMPD oxidation.
In other cases only one or two strains of specific Bacillus species were tested for oxidase activity. More strains will have to be tested before appropriate comments can be made concerning the extent of the oxidase reactions which occur. At this time, the diversity in the oxidase reaction can only be explained by the nature and types of cytochromes found in the Bacillus strains examined. Current evidence suggests that TMPD oxidation reactions in Bacillus strains (as well as in all other bacteria) are dependent upon the presence of a type c cytochrome integrated with a membrane-bound terminal oxidase component(s), such as cytochrome o or cytochrome a+a3 or both; perhaps even cytochrome d plays a role in this reaction. As established previously for the mitochondria1 cytochrome a +a3 oxidase, we suspect that bacterial oxidases are similarly reduced by TMPD or exogenously added reduced type c cytochromes or both (11, 15, 16, 25) , but the oxidation of TMPD by molecular 0 2 requires the specific presence of a type c cytochrome(s) (7, 8, 11, 15, 16, 20, 27) . Therefore, a negative TMPDdependent cytochrome oxidase reaction usually can be attributed to the absence of a type c cytochrome in a given organism. In other cases, a specific bacterium may completely lack a terminal oxidase like cytochrome o or cytochrome a+a3 or both, and it is also an oxidase-negative organism. For example, no cytochromes are found in homofermentative lactic bacteria (15) , and these organisms are well-known oxidase-negative species. However, with regard to Bacillus spp., the membranes isolated from 58 strains all showed the presence of at least one terminal oxidase (namely, cytochrome 0); some strains possessed an additional oxidase (namely, cytochrome a+a3), and some of these strains also contained cytochrome d. Membrane analyses of oxidase-positive and oxidase-indeterminate strains revealed that all strains contained cytochrome c. The concentrations of cytochrome c observed differed markedly in the membranes of the various strains examined, but the membranes of all oxidase-positive and oxidase-indeterminate strains examined possessed a type c cytochrome(s).
One useful application for the oxidase test may be for identifying free-living nitrogen-fixing Bacillus species. B. maceruns is easily differentiated from B. polymyxa and B. azotofixans by the oxidase test. Although all three of these Bacillus species are in morphological group I1 (sporangium distinctly swollen by oval-shaped spore), 35 strains of B. polymyxa and 6 strains of B. azotofixans were found to be oxidase negative, while all 9 strains of B. macerans tested were found to be oxidase positive. Thus, it would be easy to separate B. macerans from B. polymyxa and B. azotofixans on the basis of the oxidase reaction.
Another Bacillus group in which the oxidase test might be useful is the B. pumilus group, whose strains are closely related to B. subtilis. Identification problems are encountered in attempts to distinguish B. pumilus strains from B. subtilis. From the oxidase data presented above, 12 strains of B. pumilus showed typically oxidase-negative reactions (like E . coli), and 5 other strains exhibited such low levels of activity that they were barely detected by the sensitive colorimetric oxidase test. All 12 B. subtilis strains examined had typical TMPD oxidase-indeterminate (or oxidaseintermediate) reactions (Table 8) , which indicates that a blue color can be detected even by the less sensitive paper strip oxidase test. However, the time required to observe the blue color change on the paper strips for B . subtilis cells is beyond the traditionally recommended interval of 30 to 45 s. This time frame was specifically designed to detect oxidasepositive Pseudomonas strains, and color development that occurs after 1 min is usually ignored. Undoubtedly other useful species (or strain) separations can be made on the basis of the colorimetric oxidase test. Our preliminary results strongly suggest that the quantitative oxidase test could be very useful in further studies with Bacillus strains. One striking feature in our study was that of the many Bacillus cultures which we received, most strains which gave atypical oxidase reaction patterns turned out to be misidentified species. It was relatively easy for us to detect many such misidentified strains among the 342 cultures received.
